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Keywords: single gene retroviral vectors; Cre/loxP; GFP; neo r Introduction Retroviral vectors are the predominant gene delivery system currently used in human gene therapy trials. 1 These vectors result in stable integration of the introduced genetic material and have the potential for long-term gene expression (reviewed in Ref. 2) . The ability to achieve and maintain high-level expression of retrovirally transferred genes is greatly influenced by the vector design. It is widely accepted that single gene splicing vectors, which employ the viral long terminal repeats for the expression of inserted sequences, have a higher transduction efficiency and gene expression in most target cells than double-gene vectors. 3 In these, the expression of a second gene from an internal promoter may result in retroviral vector instability 4 and promoter suppression. 5, 6 The molecular basis for this empirical observation is not welldefined. Single-gene vectors have been compared with double-gene retroviral cassettes for their relative level of gene expression in different target cells. [7] [8] [9] [10] These results are difficult to interpret as vectors with heterogeneous characteristics (splicing versus non-splicing) and packaged by different producer cell lines were used in these studies.
In order to identify factors that influence gene expression by retroviral vectors, a model system allowing the direct comparison of homogeneous vectors that vary only by the presence or absence of a single element would be useful. Most retroviral vectors have been designed to express two genes, a dominant selectable marker and the 'therapeutic' gene of interest. The selectable marker is included to facilitate determination of vector titers, selection of producer cell clones carrying the transgene as well as for potential enrichment of transduced target cells.
Among prokaryotic resistance markers used in retroviral constructs for positive selection of transduced cells, the transposon Tn5 neomycin resistance gene (neo r , EC 2.7.1) 11 is the most widely applied. Recently, the expression of neo r has been reported to contribute to transcriptional silencing of adjacent promoters 7, 12 and interference with the metabolism of recipient cells. 13, 14 In addition, data from clinical gene marking studies using the neo r or a neo r -fusion gene as a selectable marker have shown that immune elimination of circulating genemodified cells may occur after repeated infusions (L Muul and RM Blaese, unpublished observations). 15 Furthermore specific cytotoxic T lymphocytes against cells expressing these marker genes have been reported. 16 Altogether these data indicate that the practice of routinely including selectable 'foreign' genes for the convenience they provide during vector production can no longer be justified.
In order to combine the advantages of neo r for the isolation and characterization of high-titer producer cell clones with the need for retroviral vectors lacking selectable markers, we developed a strategy which consists of two components; the site-specific Cre/loxP recombination system [17] [18] [19] [20] and a modified bicistronic-splicing retroviral vector containing a selection marker cassette flanked by parallel oriented loxP sites. We applied this 
Results
Cre-mediated generation of neo r -less retroviral producer cell lines We generated a stable amphotropic GC-GFP-loxP-EN producer cell line by transducing PA317 cells with retroviral supernatant obtained from GP+E-86 cells transiently transfected with pGC-GFP-loxP-EN (Figure 1 ). After transduction, single cell clones were obtained by limiting dilution of neomycin-resistant, GC-GFP-loxP-EN producer cells. Supernatants of 12 isolated clones were screened for the presence of retroviral RNA by dot-blot 21 and 11 of them were detectable with a GFP probe. The amount of viral RNA in the supernatant of each clone varied considerably and only seven clones produced reasonable amounts of vector RNA (Figure 2 ). To verify the production of biologically active viral particles, we transduced NIH/3T3 cells with retroviral supernatants containing high levels of vector RNA and analyzed them by FACS. Interestingly, incubation of NIH/3T3 cells with the supernatants from PA317 clones 1 and 12, which also contained high levels of viral RNA, did not confer GFP expression, showing a lack of biological activity of these retroviral supernatants (data not shown). This is consistent with the observation of Hanazono and colleagues, 22 who found a significant higher frequency of rearrangements in GFP-containing proviral sequences than in the control non-GFP harboring clones. However, after initial isolation of functional producer cell clones, we did not observe any further instability by FACS, Southern and Northern blot analysis, even after more than 3 months of continuous culture. The clones also did not lose their ability to produce biologically active retrovirus. The selection marker cassette was then excised from the proviral genome of clones 4, 6 and 9 by transiently expressing Cre recombinase via a recombinant adenovirus (Ad.Cre⌬E1). Subcloning and subsequent Southern blot analysis ( Figure 3 ) demonstrated uniform excision of the selection marker cassette. Twenty-eight subclones were screened by RNA dot blot analysis and confirmed the absence of neo r -encoding viral RNA (data not shown). Furthermore, these subclones failed to survive in the presence of 0.9 mg/ml G418. Subsequent analyses were carried out with three randomly chosen neo r -less subclones 4-7, 6-2 and 9-1, which were derived from the parental clones 4, 6 and 9, respectively. Retroviral vectors produced by all clones were biologically active, as dem- Effects of neo r excision on genomic and subgenomic viral RNA levels Northern blot analysis was used to compare steady-state levels of transgene specific mRNA of clones 4, 6 and 9 with their neo r -less counterparts ( Figure 4 ). Following excision of the selection marker cassette, the amount of genomic retroviral RNA increased 1.9-, 2.3-and two-fold, respectively (Table 1) . Supernatant from the respective producer cell clones was then used to transduce NIH/3T3 cells. Northern blot analysis of these targeted cells again demonstrated an increase in the amount of genomic retroviral vector RNA with disproportional increases in the unspliced transcripts ( Figure 5 ). The relative amount of spliced vector RNA was reduced in the target cells by a factor of 2.3, 1.5 and 1.7, respectively ( Table 2) .
Effects of neo r -excision on retroviral titer Titers were determined as colony-forming units/ml after G418 selection on NIH/3T3 cells. The neo r containing clones 4, 6 and 9 had titers of 6.3 × 10 6 , 1.8 × 10 7 and 2 × 10 6 , respectively. In order to compare production of retroviral particles before and after Cre-mediated excision of the neo r gene, we used an RNA dot-blot assay 21 of retroviral supernatants, which were produced under identical culture conditions. Probing for viral RNA encoding GFP demonstrated a 1.2-to 1.6-fold increase of the GFP-specific signal in clones subjected to excision of the neo r ( Figure 5 ). FACS analysis was used as a biological titer assay. Analysis of the target cell populations showed that exposure to single-gene retroviral vector supernatant had a tendency to increase the proportion of GFP positive cells (39 to 49, 59 to 62 and 25 to 33%) (Figure 6 ), but the changes were not statistically significant. Figure 1 ). Spliced and unspliced RNAs are indicated with arrows. To control for the amount of RNA loaded, the blots were stripped and reprobed with a murine ␤-actin cDNA probe. Effects of neo r excision on GFP expression All three GC-GFP-loxP-EN producer cell clones demonstrated a significant increase in GFP expression following the excision of the EMCV-IRES neo r segment ( Figure 7 ). The GFP expression, measured as mean fluorescence on a logarithmic scale, increased in clone 4 versus 4-7 from 417 to 890, in 6 versus 6-2 from 628 to 1175 and in clone 9 versus 9-1 from 397 to 964. In order to determine whether or not higher GFP expression was due to the absence of the neo r gene and/or its gene product, we reintroduced the neo r into the GC-GFP-loxP * producer cells by transduction with a G1Na vector. G418 selection was used to confirm the functional expression of the reintroduced neo r . No significant effect of the reintroduced neo r gene on GFP expression could be detected by FACS analysis (Figure 7) . The mean fluorescence intensity of GFP measured in NIH/3T3 cells transduced with the supernatants obtained from the clones 4, 6 and 9 before and after neo r excision increased from 30 to 70, 54 to 107 and 18 to 32, respectively ( Figure 6 ). The mean copy number of the integrated vector was equivalent, as demonstrated by ␤-actin standardization via DNA dot-blot analysis (data not shown).
Figure 4 Northern blot analysis of vector transcripts in untransduced PA317, GC-GFP-loxP-EN (clones 4, 6 and 9) and derivative GC-GFPloxP * producer cell clones (4-7, 6-2 and 9-1) (panel a). Panel b depicts viral transcripts in NIH/3T3 cells transduced with these supernatants. NIH/3T3 cells incubated with supernatant of untransduced PA317 cells served as a control. Northern blots were hybridized with a GFP probe (see

Discussion
The bacteriophage P1 recombinase Cre efficiently causes site-specific DNA recombination at loxP sites. 19 Recombination between intramolecular loxP sites leads to high efficiency deletion of the DNA segment flanked by parallel oriented loxP sequences. 20, 23 Intermolecular recombination between loxP sites results in integration, but with lower efficiency. 24, 25 The Cre/loxP system has been used in the context of retrovirus-mediated gene transfer for the generation of self-deleting retroviral vectors 26, 27 as well as for proviral marker gene 28, 29 and oncogene excision. 30 Vanin and co-workers recently described a Cre/loxPbased method for the generation of retroviral producer cell lines. 53 Their system requires two recombination events. After drug selection, an initial excisional recombination is required to generate a retroviral producer cell line with a single loxP site. In a subsequent step, the gene of interest was inserted at the proviral loxP site by Cremediated recombination in order to generate a new producer cell line with a similar titer to the original packaging cell line. The gene of interest was co-transfected with a Cre expression plasmid. The efficiency of recombination in this model is limited to 50%. Our study used a modified strategy and confirms and expands their findings. We exploited the excisional recombination between corresponding loxP sites in order to combine the advantages of neo r for the isolation and characterization of high titer producer cell clones with the subsequent ability to Cre/loxP removal of neo r from retroviral vectors O Wildner et al
Figure 7 FACS analysis of GFP expression in PA317 derived retrovirus producer cells GC-GFP-loxP-EN (clones 4, 6 and 9) and derivative GC-GFP-loxP * (clones 4-7, 6-2 and 9-1). The GFP expression, measured as mean fluorescence in a logarithmic scale, increased in clone 4 versus 4-7 from 417 to 890, in 6 versus 6-2 from 628 to 1175 and in clone 9 versus 9-1 from 397 to 964, after the excision of the marker gene cassette. After reintroduction of neo r by transducing the producer cells with G1Na and subsequent G418 selection (4-7 neo, 6-2neo and 9-1 neo), we could not observe a significant change of GFP expression.
remove the drug selection gene readily from the ultimate retroviral vector product.
Two factors influence the efficiency of our system: the transduction efficiency of the recombinant adenovirus delivering Cre recombinase to the target cells and then the excisional recombination efficiency of Cre.
Several issues were considered in designing the basic system described in this article. GFP was used as a reporter gene because it allowed highly accurate quantification of transgene expression in individual cells by flow cytometry 31 and the amount of protein correlates in a linear fashion with its green fluorescence. 32 The use of selectable retroviral vectors to establish the initial producer cell line by transinfection was chosen to favor proviral integration into transcriptionally active DNA regions. [33] [34] [35] The presence of neo r during this initial step greatly facilitates the identification of stable, potentially high titer producer cells. Furthermore, upon G418 exposure the positive selection pressure is applied to the entire transcriptional unit because of the bicistronic vector design. This feature is potentially advantageous for establishment of retroviral vectors containing transgenes, which frequently lead to vector instability.
The bicistronic vector carrying a selection marker flanked by loxP sites is not only useful for readily generating retroviral vectors lacking selectable genes, but could also be used for transduction of a target cell population and subsequent enrichment by G418 selection. The neo r gene could then be excised directly from the selected target cells by transient expression of Cre in this population. After expression of Cre the resulting provirus is, aside from the single loxP site downstream of the gene of interest, essentially identical to simplified vectors such as MFG, 36 a vector design which has been associated with very high gene expression in a variety of different cell types. 3, [8] [9] [10] 37 The GFP mean fluorescence in the NIH/3T3 cells transduced with the GC-GFP-loxP * vectors were significantly higher than that of populations transduced with the parental bicistronic vectors. Since the DNA dot-blot analysis of integrated provirus, standardized to cellular ␤-actin, did not reveal a significantly higher copy number of the integrated simplified vectors in the target cells compared with the populations transduced with the parental vectors, it can be concluded, that the single gene vectors offer higher gene expression. These results are confirmed by Fernex and colleagues 29 who recently described an increased LTR-driven transcription of GM-CSF in retrovirally transduced K-562 cells after Cre-mediated excision of a loxP flanked selectable cassette comprising an internal promoter and neo r from a provirus. Of note, Fernex et al did not observe an increased translation.
Despite some evidence suggesting that neo r mediates a cis-acting suppression on adjacent promoters, 7, 12 reintroduction of neo r into pGC-GFP-loxP * producer cells did not significantly change the expression of GFP. It has not been determined whether the observed effects after the excision of the marker gene cassette are due to promoter suppression and/or changes in the mRNA stability.
This study demonstrates that the Cre/loxP system is suitable to direct the precise and efficient excision of a selectable marker cassette from a provirus in a PA317 retrovirus producer cell line while maintaining the production of functional high titer retroviruses. This approach combines the advantages of the use of positive selectable markers for the generation of retroviral vectors with those associated with single gene retroviral splicing vectors.
Materials and methods
Vectors
The loxP-containing retroviral expression cassette was generate by inserting the linker ggccgagctcgcggccgcgt cgacagatctgcccgggcatcgatttaattaaccttaataacttcgtataatgtatg In order to generate pGC-GFP-loxP-EN, the green fluorescent protein (GFP) cDNA was excised from pGreenLantern-1, purchased from GIBCO BRL (Grand Island, NY, USA), as a NotI fragment, and inserted in sense orientation into the NotI site of pGC-loxP-EN. pGreenLantern-1 includes a serine to threonine mutation at amino acid position 65, which shifts the excitation wavelength to 490 nm.
The E1, E3-deleted recombinant adenovirus expressing Cre recombinase, was generated by subcloning the HindIII fragment containing the Cre recombinase gene coding region driven by the human CMV-IE promoter and the metallothionein-I poly(A) sequence from pBS185, 24 purchased from GIBCO BRL, into the HindIII site of the adenovirus shuttle plasmid p⌬E1sp A 40 (Microbix Biosystems, Ontario, Canada) in parallel to the transcriptional orientation of the adenovirus E1 ORF. Ad.Cre⌬E1 was generated through homologous recombination between pBHG10 41 (Microbix Biosystems) and the p⌬E1.Cre shuttle plasmid in 293 cells as previously described. 42 Plaque-forming units on 293 cells determined the titer of the purified stock.
Vector producer cells derived from PE501 ecotropic packaging cells producing a retroviral vector G1Na, 43 carrying only the neomycin resistance gene, were obtained from Genetic Therapy Inc (GTI, Gaithersburg, MD, USA).
Cell lines
The following cell lines were used: GP+E-86, 44 PA317, 45 293 cells 46 and NIH/3T3 cells. 47 All cell lines were purchased from ATCC (Rockville, MD, USA) and maintained in Dulbecco's modified Eagle's medium with high glucose (4.5 g/ml) (GIBCO BRL) supplemented with 10% (vol/vol) heat-inactivated fetal bovine serum (Hyclone, Logan, UT, USA) and gentamicin (50 g/ml) (D-10). Cell lines were maintained in a humidified 37°C, 5% CO 2 incubator.
Generation of stable retroviral vector-producer cell line A stable PA317 derived GC-GFP-loxP-EN retroviral vector-producer cell line was generated by transinfection. For this purpose, pGC-GFP-loxP-EN was transiently transfected into GP+E-86 cells. After 24 h the supernatant was used to transduce PA317 cells, which were passed after 24 h into fresh culture medium containing 0.9 mg/ml of the active neomycin-analogue, G418 (Sigma, St Louis, MO, USA). After 2 weeks, the cells were released from drug selection, and single cell clones were obtained by limiting dilution.
Ad.Cre⌬E1-mediated excision of the marker gene cassette For the excision of the neo r gene from the integrated provirus, we incubated the GC-GFP-loxP-EN producer cells with Ad.Cre⌬E1 at a MOI of 1000, overnight in D-10. After washing the cells, they were allowed to recover in complete medium for 2 days. We then obtained single cell clones by limiting dilution.
Collection and titration of retrovirus supernatant
To generate retroviral vector supernatant, 4 × 10 6 producer cells were seeded into a 75 cm 2 culture flask. The following day, the cells were rinsed and incubated in 5 ml D-10 at 34°C for 8 h and the retrovirus-containing supernatant was collected. The supernatants of GC-GFPloxP-EN producer clones 4, 6 and 9 were titrated on NIH/3T3 cells seeded into a six-well plate at a density of 10 4 per well. Recipient cells were incubated with 1 ml of 10-fold serial dilutions of 0.45 m-filtered supernatant in D-10 with 8 g/ml polybrene. After 24 h the supernatant was replaced with D10 containing 0.9 mg/ml G418 for 2 weeks. The viral titer, expressed as colonyforming units per milliliter of supernatant, was determined by counting the number of colonies and multiplying by the reciprocal of the dilution. 
RNA and DNA dot-blot analysis
The RNA dot-blot assay was performed as described by Onodera et al. 21 The blots were subjected to phosphoimager analysis using the Bio Imager Analyzer (BAS1500; Fuji, Tokyo, Japan). Dot densities are stated as relative pixel intensity.
Genomic DNA was blotted on to a positively charged nylon membrane using a manifold (Minifold II; Schleicher and Schuell Inc, Keene, NH, USA) in the presence of 0.4n NaOH. 48 The blots were hybridized and analyzed as the RNA dot-blots. To account for uneven loading, the GFP signal was normalized to the signal strength of ␤-actin.
Transduction of NIH-3T3 cells
For transduction, 2 ml of retroviral supernatant supplemented with 8 g/ml polybrene was incubated for 24 h with 10 6 recipient cells, at 32°C.
Fluorescence-activated cell sorting (FACS) analysis of GFP expression
The FACS analysis was carried out on a FACScalibur (Becton Dickinson, San Jose, CA, USA) equipped with an argon ion laser. A standard FITC bandpass filter was used to determine green fluorescence intensity. Twenty-four hours after initiating retroviral transduction, we analyzed approximately 2-5 × 10 4 cells for each sample. We acquired the FL1 signal in logarithmic mode, and analyzed the data with CellQuest software (Becton Dickinson).
DNA isolation and Southern analysis
We extracted DNA from 5 × 10 6 PA317 retroviral producer cells by the salting out procedure as previously described. 49 Five micrograms of high molecular weight genomic DNA from each clone were digested with the restriction enzyme NheI to excise the integrated retroviral vector. The DNA was then fractionated on a 0.7% TBEagarose gel, blotted to a nylon membrane (Hybond N + , Amersham, UK) by capillary transfer method, as described by Southern 50 and hybridized with a ␣-32 PdCTP-radiolabeled 51 GFP probe. After stringent washings, we exposed the membrane overnight to X-OMAT film (Eastman Kodak, Rochester, NY, USA) which was then developed.
Northern blots
To determine the levels of viral genomic and subgenomic RNAs in the producer cells and the transduced target cells, polyadenylated mRNA was directly isolated from 2 × 10 7 cells using oligo(dT) 30 -latex particles (Qiagen, Chatsworth, CA, USA) according to the manufacturer's instructions. The RNA was fractionated by electrophoresis through a 0.8% 3-(N-morpholino) propanesulfonic acid (MOPS)-agarose gel containing 2.2 m formaldehyde. Soaking the gel in 0.05 n NaOH for 20 min improved the transfer efficiency of larger RNA species by partially hydrolyzing them. 52 The RNA was immobilized on to a positively charged nylon membrane (Hybond N + ; Amersham Life Science, Arlington Heights, IL, USA) by capillary transfer with 20 × SSC. 52 Blots were stripped by immersing them in boiling water and rehybridized with a murine ␤-actin probe to permit normalization for loading and transfer in each lane.
Adenovirus detection
The persistence of biological active adenovirus in the retroviral supernatants was assessed 2 weeks after Ad.Cre⌬E1-mediated selection marker cassette excision by monitoring 293 cells for CPE. 
